Abstract: Anthropogenic nutrient loading is well recognized as a stressor to coastal ecosystem health. However, resource managers are often focused on addressing point source or surface water discharge, whereas the impact of submarine groundwater discharge (SGD) as a nutrient vector is often unappreciated. This study examines connections between land use and nutrient loading through comparison of four watersheds and embayments spanning a gradient of human use impact on Tutuila, a high tropical oceanic island in American Samoa. In each study location, coastal radon-222 measurements, dissolved nutrient concentrations, and nitrogen isotope values (δ 15 N) in water and in situ macroalgal tissue were used to explore SGD and baseflow derived nutrient impacts, and to determine probable nutrient sources. In addition to sampling in situ macroalgae, pre-treated macroalgal specimens were deployed throughout each embayment to uptake ambient nutrients and provide a standardized assessment of differences between locations. Results show SGD-derived nutrient flux was more significant than baseflow nutrient flux in all watersheds, and δ 15 N values in water and algae suggested wastewater or manure are likely sources of elevated nutrient levels. While nutrient loading correlated well with expected anthropogenic impact, other factors such as differences in hydrogeology, distribution of development, and wastewater infrastructure also likely play a role in the visibility of impacts in each watershed.
Introduction
Coastal ecosystems on oceanic islands provide critical ecological services to geographically isolated populations. Local residents are heavily dependent on nearshore farms for plant crops and adjacent reefs for protein. Increasing urbanization has made these ecosystems vulnerable to land-based sources of pollution arising from excessive sediment and nutrient delivery that stresses corals and environment. To accomplish this, two "snapshot"-style measurement campaigns were conducted throughout the four study locations in August 2015 and 2016. During the first campaign, SGD derived nutrient fluxes were calculated using 222 Rn as a groundwater tracer, and baseflow stage surface water nutrient fluxes were estimated through water sampling and using existing streamflow data. During both 2015 and 2016, water samples were collected from nearshore waters, coastal springs, streams at baseflow stage, and groundwater wells. In situ macroalgae were collected both years for analysis of tissue %N and δ 15 N, and, in 2016, specimens of experimentally managed macroalgae were deployed at fixed locations throughout the coastal zone to control for variability affecting in situ macroalgae. Ultimately, this work provides insight into the magnitudes and sources of coastal nutrient discharge in a tropical island setting, and clarifies the need to support integrated terrestrial and coastal resource management in American Samoa.
Study Location Descriptions
Located near 14 • S and 170 • W, the island of Tutuila (142 km 2 in area) hosts nearly 56,000 permanent residents and serves as the main population center of American Samoa [44] . Because of its position within the South Pacific Convergence Zone, the climate is hot and humid, has prevalent year-round rainfall, up to 6000 mm/year, and is subject to a wetter season from October to May. Tutuila's south shore is more exposed than the northern shore to the prevailing swell and southeasterly trade winds, and these forces often drive strong localized rip currents inside of the reef crest along the southern coast. Beyond the reef, currents are mainly driven by tides and most offshore currents move relatively slowly, at 10 cm/s or less, except in areas where currents are channeled, such as the far northern and eastern tips of the island [45, 46] .
The four study locations selected for comparison each include a terrestrial watershed area and a coastal embayment. Listed from high to low population density, these locations are Pala Lagoon, Faga'alu Bay, Vatia Bay, and Oa Bay (Figure 1 ). Each watershed drains a steep forested upper section that generally transitions to an alluvial-coastal plain of variable size. For the most part, development is concentrated in coastal areas and villages are located on these alluvial plains, except for the nearly pristine Oa location, which has no road access or residents. At all study locations, nearshore zones contain well developed fringing reefs, typically consisting of uniformly shallow (0.5-2 m deep) back reef flats that extend roughly 50 to 300 m from shore to fore reef crest; beyond which water depths rapidly increase. It is notable that soft sediments do not typically accumulate in nearshore areas except for in the interior portion of Pala Lagoon.
Geologically, Faga'alu, Vatia, and Oa are fairly typical examples of Tutuila's radial watersheds, with headwaters composed of heavily eroded Pleistocene basalts, erupted 1.5 Ma [47] . Since that time, alluvial transport of sediments and deposition of marine carbonates has created the small wedge-shaped coastal plains fronting the mouths of each bay. At least 30 other watersheds on Tutuila have a similar geologic structure, with Faga'alu and Vatia being two of the largest and Oa one of the smallest. In contrast, the hydrogeologic structure of the Pala Watershed, also referred to as the Tafuna Plain, differs significantly from the other study locations. The majority of the watershed is covered with a Holocene-age lava delta that has given the terrain a much lower slope and a much higher permeability to groundwater than the older Pleistocene rock that makes up the rest of the island [48] .
Pala Lagoon drains the largest and the most developed watershed of the four study locations. Numerous farms and residences are scattered over the 12.2 km 2 lava plain, which currently has a population density of 480 people/km 2 [44] . Only one small perennial stream runs along the northeastern margin of the Tafuna Plain. Faga'alu Bay has been previously identified as a priority watershed management area by the US Coral Reef Task Force due to concerns of declining reef health and stream water quality. A single main stream drains to an embayment above a steep, forested 2.5 km 2 valley that has had a population density of 404 people/km 2 since the 1990s [44, 49] . A sublocation consisting of a shallow reef flat fronting a rocky headland wrapping around and out the northern margin of Faga'alu Bay, termed Outer Faga'alu, was also delineated as an algae sampling location for in this study. This location is adjacent to the Utulei Wastewater Treatment Plant, which discharges municipal wastewater effluent from a submerged outfall in the harbor channel. Vatia Bay drains three radially oriented perennial streams in a lightly impacted 3.6 km 2 watershed with a population density of roughly 132 people/km 2 since the 1990s. Although anthropogenic impact in Vatia has been categorized as minimal [50] , reports of reef decline and increased algal growth, combined with a lack of wastewater infrastructure suggest more information is critically needed for natural resources management in Vatia [51] . Oa bay is located on the northern coast, drains a small 0.6 km 2 watershed, and is the least impacted of the study locations. The watershed has remained uninhabited and has only a single stream that, at baseflow stage, infiltrates completely once it reaches the alluvial wedge. A large coastal spring is located near the dry stream mouth during low tide.
The four watersheds selected for this study span a gradient of human impact and physical hydrogeologic properties that were defined through assessment of population density, and land use analysis. Population data from the U.S. Census has been previously used to assign human impact classifications to Tutuila's watersheds [50] , and a recently released high-resolution wildlife habitat map [52] allows for geospatial assessment of land use in each watershed. Land use and population density metrics suggest Pala Lagoon should be subject to the highest anthropogenic impacts followed by Faga'alu then Vatia, and then Oa as its watershed is nearly 100 % forested with no human residents (Table 1 ). 
Materials and Methods

Water Sample Collection and Analysis:
Water samples were collected from local production wells, streams at baseflow stage, coastal groundwater springs (CGW), and coastal surface waters in all four study locations (Figure 2 ). Here CGW is defined as water (fresh to saline) obtained from shallow beach pore water or distinct coastal springs, and is assumed to be representative of the composition of the SGD endmember prior to release in the ocean. All samples were collected in acid washed 60 mL HDPE or new polypropylene bottles that were triple-rinsed with sample water during collection. Water samples were filtered on-site with 0.45 µm hydrophilic polyethersulfone capsule filters (Pall AquaPrep 600).
At each sample site, water temperature, salinity, and dissolved oxygen were measured in situ with a multiparameter sonde (YSI, model V24 6600). Samples were immediately cooled for transport, frozen as soon as possible, and stored frozen until analysis. All samples were analyzed for total dissolved nitrogen (TDN) and dissolved inorganic nutrients (silica (Si), nitrate (NO 222 Rn gas with a radon in air monitor RAD7 and its water accessory RADH2O (both manufactured by Durridge Inc., Billerica, MA USA. Discrete samples were collected in 250 mL glass bottles with no headspace, were analyzed the same day as collection, and were corrected for radioactive decay between collection and analysis. To increase the number and temporal representativeness of end-member samples, thirteen CGW and six stream-baseflow samples collected in August 2014 were also included in the sample set. All other fieldwork was conducted during two field expeditions in July 2015 and August 2016 and took place in the dry season when rainfall was limited, streams remained at baseflow stage, and groundwater levels remained fairly stable. Duplicates were taken for 10 % of the δ 15 N sample set and 5 % of the nutrient analysis sample set. Significance of parameter averages were tested with one-way ANOVA and Tukey's range test for post hoc analysis [54] . 
Time Series and Survey-Based 222 Rn Measurements
In each study location, SGD rates were calculated using dissolved 222 Rn as a groundwater tracer. To account for the temporal (tide dependent) and spatial (geology dependent) variability of SGD in volcanic island settings, a fixed location time series 222 Rn measurement was coupled with a moving coastal water 222 Rn survey in each embayment following the methods of Dulaiova et al. [55] . During the time series, a peristaltic pump brought coastal water from a stationary point generally located within 40 m from shore to an instrument package on land that continuously measured 222 Rn concentration and salinity (Figure 3a) . Time series measurements were conducted over one full tidal cycle (>12.2 h) at each location. Coastal water surveys were conducted either before or after each time series, during a 3 h period bracketing low tide. The same 222 Rn and salinity sensors used in the time series were mounted on a small inflatable boat that was motored through each bay in a series of shore parallel transects at roughly 0.75 m/s (Figure 3b ). Shore-perpendicular transects were also conducted if time allowed. During each survey, eight to twelve coastal surface-water samples were collected. Time series derived SGD fluxes were scaled with spatial information from the 222 Rn surveys to calculate total daily SGD fluxes to each of the four embayments. 
SGD and Nutrient Flux Calculations
To convert 222 Rn concentrations to SGD fluxes, the non-steady state 222 Rn mass-balance model of Burnett and Dulaiova [28] was used. The survey area of each embayment was subdivided into Thiessen polygons, each surrounding a coastal survey measurement point and all falling within the edges of each embayment. The volume of each polyhedron was calculated by multiplying the Thiessen polygon area by water depth on the back reef flat, assumed to be the thickness of the SGD plume, as measured by a pressure transducer deployed at the time series location. This assumption was validated with depth profiles taken throughout the reef flat, which showed salinity values typically remained constant as depth increased, indicating coastal waters were well mixed. For time series measurements, the Thiessen polyhedron located around the time series intake was used as the volumetric multiplier for flux calculations. Note that the volume of this polyhedron during time series measurements changed dynamically with daily tidal fluctuations, whereas the polyhedron volumes used in processing survey data were calculated using a single water depth measured at low tide.
Non-SGD related losses and additions of 222 Rn from local and offshore processes were also considered when calculating total SGD flux. These processes were assumed to be comparable in American Samoa to those of the Hawai'ian Islands, and included accounting for: (1) atmospheric 222 Rn activity of 0.03 dpm/L [56] , (2) local excess 222 Rn activity of 0.08 dpm/L supported by in situ 226 Ra [57] , (3) 222 Rn activity of 0.087 dpm/L, from the offshore 226 Ra pool [58] , and (4) wind speed dependent evasion correction described in Burnett and Dulaiova [28] and calculated with hourly wind speed and air temperature recorded at the Pago Pago Airport. Mixing losses from tidal movement were calculated at each time step in the time series model and residence times for each bay (except for Pala Lagoon) were assumed to be the length of one tidal cycle (12.2 h), which is within the range of previously estimated residence times for these areas. The best available residence time estimates for Faga'alu Bay [59] indicate that bay wide flushing times vary between 1 h and 33 h, depending on wave height conditions, and the majority of the time the bay wide flushing time is between 3 and 10 h. In Vatia Bay, Storlazzi et al. [46] used acoustic Doppler current profile measurements to calculate residence times between 1 and 3 h during high wave conditions, and between 2.5 to 4.5 h during low wave and wind conditions in the outer portion of the bay. Lagrangian Surface Current Drifters deployed in the inner part of Vatia Bay suggested residence times of >2 h. For this study, a conservative residence time of four tidal cycles (48.8 h) was chosen for Pala Lagoon to account for the lagoon's enclosed geometry and lack of available circulation data. These estimates are within the range of previously estimated lagoon water residence times presented by Volk [60] and Yamasaki et al. [61] , which suggest the mean lagoon wide residence time may be around 30 h, but with much longer residence times (up to 165 h) possible in the far inner sections of the lagoon. Although there have been no known physical oceanographic studies in Oa bay, its proximity to and similar exposure to Vatia Bay makes it reasonable to assume that residence times in Oa are similar to those in Vatia.
Groundwater end-member compositions were determined by averaging 222 Rn activities for all sampled CGW sites and upgradient wells in each watershed. Salinities of CGW varied widely as SGD is typically composed of a fresh component mixed with a recirculated seawater component. The proportion of fresh and recirculated SGD was calculated with a two end member mixing analysis following the method used by Bishop et al. [30] . To calculate SGD nutrient fluxes, average CGW-endmember nutrient concentrations were simply multiplied by total (fresh + recirculated) SGD-flux rates for each study location. Nutrient fluxes in streams at baseflow stage were calculated similarly, using averaged, measured stream-nutrient concentrations and average annual baseflow discharge for streams in each watershed. These discharges were estimated using stream-gauging data collected by the United States Geological Survey (USGS) [62] . Note that runoff stage streamflow and associated nutrient fluxes are not addressed here, due to challenges in measuring Tutuila's short lived and difficult to sample runoff events.
In Situ Algal Survey
At each study location, specimens of common marine macroalgae were sampled at numerous sites on shallow back reef flats (0.5-2.0 m) during July 2015 and August 2016 ( Figure 2 ). Species collected included Chlorodesmis fastigiata, Hypnea pannosa, Dictyota bartayresiana, and Ulva intestinalis, though not all species were found at each location. Algal tissues were initially placed in plastic bags, cooled for transport, and processed within 12 h of collection following Amato et al. [8] . Sample processing included removal of any holdfasts/stipes and triple rinsing the remaining undifferentiated, non-reproductive tissues in distilled water to remove fouling organisms and excess salts. Algal tissues were toweled dry before being placed in aluminum foil packets for dehydration. Initial dehydration commenced within 12 h of collection in a conventional oven at 71 • C before being transferred to a drying oven at University of Hawai'i and maintained at 60 • C for at least three months. After a constant mass was achieved, desiccated tissues were powdered with a mortar and pestle and placed in individual glass vials. Tissue δ 15 N (‰) and N % were measured using a Costech ECS 4010 Elemental Combustion System (Costech Analytical Technologies, CA, USA) interfaced with a ThermoFinnigan DeltaXP Mass Spectrometer (Thermo Fisher Scientific Inc.) at the University of Hawai'i Biogeochemical Stable Isotope Facility. Isotopic ratios of N in samples were normalized to reference materials NIST 3, USGS-32, USGS-34, and USGS-35 and are relative to AIR.
Algal Deployments
On August 5th 2016, seventy-five specimens of Hypnea pannosa were collected at an open coastal location near Pala Lagoon and pre-treated in a 16 L indoor growth chamber filled with ambient ocean water to draw down tissue N levels, following Amato et al. [8] . An average irradiance of 5700 l× (measured with a Digital Light Meter Model # FCM0-10M+, Phytotronics Inc., Earth City, MO, USA. was provided by six LED flood lights (Philips Model #9290002322) placed 25 cm above the water surface. On August 8th, 2016, reagent grade nutrients (NaNO 3 and NaPO 4 ) were added to the seawater to bring the nutrient levels to 0.5 µM NO 3 − and 0.05 µM PO 4 − (assuming the original seawater had negligible nutrient levels after 72 h in algal culture). Salinity was monitored and distilled water was added every day to maintain a salinity of 35. To assess pre-treatment variability in tissue N parameters, three H. pannosa specimens were randomly selected from the collected samples prior to pre-treatment and prepared and submitted for tissue analysis as above. On August 10th-11th, 2016, thirty-six H. pannosa specimens, with an individual mass of 5-6 g, were randomly assigned and deployed throughout the four study locations ( Figure 2 ) in 8 cm × 20 cm cylindrical cages. Individual H. pannosa with tissues that were undifferentiated, without reproductive, holdfast or stype structures were selected for deployment. The cages, which were constructed of 8 mm diameter plastic mesh and polyester fabric, were designed to allow water flow but exclude macroherbivores ( Figure 4 ). At each site, a caged H. pannosa specimen was tethered 0.25 m below the surface to a small float and anchored to a cinder block. Eight cages were distributed throughout the bay at each study location. Three additional cages were deployed at outer Faga'alu at sites adjacent to the wastewater treatment facility. After eight days, all cages were retrieved, and samples were prepared for tissue analysis as above. For comparison between each location, algal samples were grouped by study location and statistical tests were performed using SigmaPlot 11 (Systat Software Inc., CA, USA). One-way ANOVA (identified by the F-statistic) and Tukey's pairwise comparisons were used to compare parameters if test assumptions were not violated. The nonparametric Kruskal-Wallis ANOVA (identified by the H-statistic) was performed if the assumptions of normality or homoscedasticity were violated. 
Results
Water Quality Results: Nutrient Levels
To compare water quality between study locations, water samples were grouped by sample type (coastal surface water, CGW, streams, and wells), and study location before taking arithmetic means of each group ( Figure 5 ). Concentrations of DIN in coastal surface waters and CGW showed statistically significant differences between all study locations (ANOVA p-values of >0.002), with Pala Lagoon having the highest (8.0 ± 13.0 µmol/L) and Oa Bay the lowest (1.2. ± 1.5 µmol/L) DIN values in coastal surface waters. Few statistically significant differences were found between locations for PO 4 3− concentrations, although some sample types, notably streams in Oa, well waters in Vatia, and coastal springs in Faga'alu and Vatia, had significantly higher levels of PO 4 3− . Silicate concentrations also showed few significant differences among sites, except for notably higher concentrations in Vatia's wells. All geochemical data are provided in Supplementary Material, Tables S1 through S5. It should be noted that because salinity varied widely amongst CGW samples, nutrient concentrations (DIN, PO 4 3− , and silicate) reported for CGW values as shown on Figure 5 were normalized to the freshwater salinity of 0.1 using an un-mixing calculation [11] based on the local oceanic salinity and nutrient composition. Analytical uncertainties for nutrient concentrations and isotopic values were determined through applying the standard error of the estimate to duplicate samples. This yielded uncertainty values of ± 3.1 µmol/L for TDN, ± 2.8 µmol/L for N + N, ± 6.2 µmol/L for Si, ± 0.1 µmol/L for PO 4 3− , and ± 0.01 µmol/L for NH 4 + , and ± 0.26‰ for δ 15 N values.
Water Quality Results: Nitrate Isotopes
Most variability in δ 15 N values was found among sites within each individual study location. Many samples showed substantial enrichment above the commonly referenced ranges for δ 15 N of NO 3 − in natural soils, typically between +2 to +6‰ [33] . Few to no samples showed δ 15 N values within the typical range of synthetic fertilizer influenced waters (−5 to +5‰), suggesting agricultural inputs were not significant coastal N sources during the study period. Numerous CGW and coastal water samples in Vatia and Pala Lagoon had generally high average δ 15 N values (8.6 ± 0.5, and 11.5 ± 3‰, respectively) which appeared to be indicative of a wastewater source. Typically, leachates from manure and wastewater have a wide but generally high δ 15 N range (+4 to +25‰) [7, 12, 63, 64] . Studies in similar tropical island environments have reported wastewater δ 15 N values ranging from +5 to 23‰ [8, 11, 30, 65] . Values matching these ranges were seen in Vatia, where the effect of exceptionally high δ 15 N values in CGW, sometimes above 14‰, were evident on Vatia's coastal waters, which had average δ 15 N values of 10.3 ± 0.9‰. Faga'alu's coastal water had an unexpected distribution of δ 15 N values, whereas the highest values (ranging between 9.1 to 9.7‰) were observed in the outer part of the bay nearer to the outer Faga'alu location, with δ 15 N values in the inner bay ranging from 6.2 to 9.0‰. Unfortunately, the only water sample taken in the outer Faga'alu area did not contain enough N + N for δ 15 N analysis. In Oa bay, δ 15 N values in coastal water and in the coastal spring (7.1 ± 1.0‰ and 5.7 ± 1.2‰, respectively) were generally lower than those observed at other locations.
Water Quality Results: Nearshore-Offshore Gradient
Spatial trends in coastal water geochemistry, and in algal tissue samples, showed strong nearshore-offshore gradients within each study location. When all coastal surface water sampled from sites located within 50 m of the coastline were pooled, they showed average DIN concentrations that were 124%, 208%, 332%, and 610% higher than samples taken more than 50 m offshore in Faga'alu, Oa, Vatia, and Pala Lagoon, respectively. Nearshore PO 4 3− levels were also generally about twice as high as offshore levels ( 
Number of samples (n) for nutrient samples in the nearshore was 11, 15, 15 and 10 and in the offshore was 10, 11, 9, and 6 for Pala Lagoon, Faga'alu, Vatia, and Oa, respectively. Number of samples (n) for δ 15 N samples in the nearshore was 5, 5, 4, and 3 and in the offshore was 1, 7, 1, and 1 for Pala Lagoon, Faga'alu, Vatia, and Oa, respectively. 
Hypnea Deployment Results
Significant differences in the tissue N content of deployed Hypnea tissue were detected among the four study locations (δ 15 N: p < 0.001, H = 16.351, N%: p = 0.001, F = 7.392). Values of tissue δ 15 N and N% values were highest in samples deployed at Faga'alu and lowest at Oa (Table 3) ; values were significantly higher at Faga'alu compared to Vatia and Oa. Trends in these values among study locations reflect gradients of impact/human density as discussed above. When data from all deployed samples are pooled, a positive relationship (r 2 = 0.26, p = 0.004, df = 28) between δ 15 N and N% is present. Exploratory deployments of three Hypnea tissue samples at the outer Faga'alu location had higher mean values for both N parameters than the four study locations (Table 3 ). In general, most N% and δ 15 N values for deployed Hypnea samples were within a range that may indicate at least some wastewater impacts. Assessment of pre-treatment variability in Hypnea tissue was relatively low (δ 15 N = 7.2 ± 0.1, N% = 1.4 ± 0.3, n = 3) (Supplementary Material, Table S6 ). 
In-Situ Algal Survey Results
Mean tissue δ 15 N and N% values from macroalgal species collected in-situ from coastal locations were similar to those of deployed Hypnea (Table 3 ). Significant differences in these N parameter values were detected among in-situ survey locations (p < 0.001, H = 75.414). Highest values of δ 15 N (mean δ 15 N = 9.6) and N% (mean N% = 4.1) from in situ algal tissues were collected at outer Faga'alu. In-situ algal tissues collected from outer Faga'alu had significantly higher δ 15 N than all other locations; samples from both Faga'alu and Pala Lagoon had significantly higher δ 15 N values than Vatia and Oa.
Mean N% values were above 1.0, but were not significantly different among locations (p = 0.071, H = 8.637). In situ tissue samples also generally had N% and δ 15 N values consistent with some wastewater impact to these sampling locations.
In general, algal deployments and in situ surveys showed considerable intra-location fine scale variation in algal tissue δ 15 N values across each location. Similar to trends in water samples, algal tissue δ 15 N values in Vatia were generally higher near the shore and near groundwater-influenced springs and streams. In Pala Lagoon, both surface water and algal tissue δ 15 N values were highest where stream input and SGD flux was greatest. However, in Faga'alu Bay, the opposite trend was again observed. In contrast, algal δ 15 N values were generally homogenous within Oa bay, ranging between 4.3 and 6.8‰. Algal tissue δ 15 N values of deployed samples were similar to in situ samples collected in close proximity. Although some variation in water temperature associated with fresh water input at low tides was seen at all study locations (Supplementary Material, Tables S8 to S15), the significant measured algal tissue N-variation suggests that elevated N concentrations associated with cooler water nutrient inputs likely exert more control on tissue N parameters than reduction of N uptake caused by temperature variations on the order of 1.3 • C to 2.6 • C, which was the maximum observed daytime range from surveys and time series. All measured algae parameters are provided in Supplementary Material, Tables S6 and S7.
SGD Rates and Associated Nutrient Fluxes
The highest coastal water dissolved 222 Rn concentration (24.3 dpm/L) and the lowest coastal-water salinity (11.6) from time series measurements were observed in Pala Lagoon. In contrast, Vatia Bay had the lowest time series 222 Rn concentration (3.9 dpm/L), and the highest minimum salinity (30.3). When tidal cycle averaged SGD rates from the 222 Rn time series were upscaled with spatially distributed SGD information from 222 Rn surveys, Pala Lagoon showed the highest-absolute SGD magnitude and Oa Bay had the lowest (Table 4) . However, when scaled by watershed area, both Pala Lagoon and Oa had higher per-km 2 SGD rates (9,490 and 8,522 m 3 /d/km 2 , respectively) than Faga'alu and Vaita bays, which had per-km 2 SGD rates of 5,398 and 1,274 m 3 /d/km 2 , respectively. This is reasonable considering perennial streams drain a significant proportion of water in Faga'alu and Vatia, whereas the single stream in Oa and the few streams in the Pala Watershed are intermittent and dry much of the year.
Dissolved 222 Rn, and thus SGD, was concentrated in specific locations along the coastline, often near coastal springs, though not always ( Figure 6 , left panels). Tidal changes affected SGD rates significantly, with SGD peaking during low tide and nearly stopping during high tides, as would be expected ( Figure 6, right panels) . During low tide, average temperatures obtained during the 222 Rn survey remained in a narrow range varying not more than 3 • C (Supplementary Material, Tables S8 to S15). The fractions of fresh and recirculated SGD were assumed to be directly proportional to the average seawater fractions measured in coastal spring samples at each location. In all locations except Vatia, this proportion was around 50% fresh and 50% recirculated SGD. In Vatia low observed CGW salinities increased the fresh fraction to about 90% of total SGD. Note that the potential for recirculated coastal water to carry 222 Rn into the coastal aquifer thereby possibly affecting calculated SGD rates was assessed and determined to be negligible.
The two most uncertain parameters used in the calculation of SGD rates were 222 Rn end member values and water residence times in each bay. Direct constraint on the uncertainty of these parameters was not possible due to the inherent bias in only being able to collect groundwater samples where springs could be seen and found, and the highly variable nature of residence times as these vary on orders of magnitude based on wind and wave conditions. Because of this, the sensitivity of the SGD flux calculation to each of these parameters was tested. It was found that doubling and halving residence times at most changed SGD flux estimates by 4% and 7%, respectively, for all bays. Therefore, even though actual residence times were not very well constrained, their effect on final SGD flux rates was minimal. However, 222 Rn based flux rate calculation is typically very sensitive to selection of end member values. Sensitivity testing for end member values showed that doubling the end-member value (Increase of 200%) would reduce SGD estimates by 50%. However, the model is much more sensitive to negative changes in end-member concentrations, as a reduction of only 50% yields an increase in calculated SGD flux by 200%. While it is well known that the method is very sensitive to this parameter this issue remains as a weakness with using this methodology and a primary reason these estimates are presented with a high-degree of uncertainty. Results of sensitivity testing are given in Appendix A, Table A1 and Figure A1 Nutrient flux rates from SGD were determined by multiplying total SGD by the average measured DIN and PO 4 3− concentrations from all CGW and well samples taken in each study location. Nutrient flux rates in SGD followed the expected pattern of impact, with Pala Lagoon having almost two orders of magnitude higher nutrient fluxes than the other sites. Faga'alu and Vatia had intermediate SGD nutrient flux rates, with Faga'alu's exceeding Vatia's by two times, and Oa bay had the lowest ( Table 4 ). Note that variance on nutrient flux estimates is large, in part because it is propagated from SGD standard deviation averaged over entire tidal cycles, and from averaging variable coastal spring nutrient concentrations. These measurements are both affected by high-temporal variability driven by tide changes, and high-spatial variability throughout each site, but nonetheless represent order-of-magnitude resolution estimates that are useful for relative comparison between study locations. 
Stream Baseflow Estimates and Associated Nutrient Fluxes
Baseflow discharge rates for streams in Faga'alu, Vatia, and Pala watersheds were determined from existing streamflow data obtained from USGS stream gauging efforts, circa 1960-1995 and documented in Wong [62] . Unforeseen circumstances prevented direct measurement of streamflow during the study period, therefore previously published average annual streamflows were used. These flows were based on the longest streamflow records available for the island and though dated, are likely to be reasonably representative of average conditions today based on their long period of record, which should serve to average out sorter-term variation. While this method is not ideal for reporting snapshot scale fluxes specific to the sampling periods, it does make the baseflow derived nutrient loads reported here more representative of expected average annual values. Nonetheless, this circumstance adds another layer of uncertainty to the baseflow derived nutrient loads reported here. Therefore, the uncertainties in baseflow quantities were assumed to be 25% of the documented flows, and this value was propagated through the calculations of stream nutrient flux.
Wong reported median (Q 50 ) and mean stream discharge values for numerous basins throughout Tutuila. Because Wong's measurements did not include baseflow separation analysis, the Q 50 was here assumed to be the most representative available estimate of baseflow discharge in Tutuila's streams. Note that in Hawai'i, stream baseflow has been shown to be equivalent to a flow value that falls within a range of the stream discharge (Q) that is met or exceeded between 60% (Q 60 ) and 80% (Q 80 ) of the time [66] . Therefore, approximation of baseflow with the Q 50 value is likely to bias stream baseflow and thus nutrient loads, towards over estimation. Regardless of this, these baseflow discharges in each watershed were generally low ranging between 2500 and 3000 m 3 /d, and were generally similar across all watersheds except Oa, which had no baseflow discharge. The stream in Oa watershed is perennial in its headwaters but infiltrates by the time it reaches the coast. Estimates of nutrient flux via SGD were appreciably greater than fluxes via baseflow for all study locations, despite the potential for over estimating baseflow amounts. Nutrient fluxes via baseflow ranged between 0.21 ± 0.05 to 0.34 ± 0.08 kg/d for both DIN and PO 4 3− (Table 4) . 
Validation of SGD Measurements
To validate calculated magnitudes of SGD for each study location, existing water budget studies were examined. Because few water budgets explicitly calculate SGD rate, the water budget derived recharge components minus baseflow and groundwater extraction components were assumed to be representative of the fresh-SGD fractions. These fractions were then compared to the calculated fresh-SGD rates measured in this study. For the island of Tutuila, two documented whole island water budget studies were found, Eyre and Walker and Walters [67, 68] , and one that only covered Western Tutuila Izuka et al. [48, 69] was found. Because results from each study were presented in different formats (basin totalization, raster, and vector polygon, respectively), the output of each was converted into a standardized format for comparison with this study. Water budget results from Izuka et al. and Walters were converted into the basin totalization format of Eyre and Walker by summing the total water volumes for each component within the boundaries of each study watershed.
Expected SGD rates within each of the four watersheds were calculated as a function of water-budget derived recharge rate, minus the total watershed groundwater extraction rate, and stream baseflow rate estimate (Table 5 ). Locations and magnitudes of groundwater pumping were provided by the American Samoa Power Authority (ASPA) and baseflow rates from Section 3.7 were used. While expected water budget SGD estimates are subject to the uncertainties implicit in the approaches used in their calculation, each fall somewhere within or near the uncertainty bounds on 222 Rn based SGD measurements. Note that the Izuka et al. study area only covered Pala Lagoon, thus these results are not included in Table 5 
Discussion
Land use and hydrogeology both act as important controls on coastal water quality and terrestrial nutrient delivery in tropical oceanic island settings. At all of the studied locations, SGD is a major pathway for anthropogenic as well as naturally derived nutrients discharging to coastal waters. This is not surprising as studies on other Pacific Islands and even on a global scale have found SGD rates to be comparable to anywhere between 10% and 1600% of riverine water fluxes [13, 70, 71] . In all four locations studied on Tutuila, SGD rates were significantly higher than baseflow rates, as indicated by streamflow estimates by Wong [62] . Trends in island wide nutrient loading followed levels of expected human impact in each watershed, whereas fluxes of N and P were highest in the Pala watershed and lowest in Oa, with Faga'alu and Vatia in between. In the three inhabited study watersheds, elevated δ 15 N values in coastal groundwater, and onshore-offshore trends in algal and coastal water samples indicated wastewater or manure is likely to be a major source of coastal N in these areas. Additionally, high intra-location variation in water quality and algal parameters indicated the spatial distribution of nutrient loading is affected by heterogeneity in N-source locations and in subsurface flow paths, at remarkably fine scales.
Nutrient Levels in Coastal Management Context
While absolute magnitudes of nutrient concentrations found in Tutuila's coastal waters were relatively low when compared to other islands where waste water injection wells or commercial scale agricultural applications are present [11, 30] , observed N and P concentrations frequently exceeded local and federal water quality regulatory standards set for these environments. The American Samoa Water Quality Standards (ASWQS) were established by an AS-EPA [72] administrative ruling, which specifies coastal waters with median concentrations of TDN and total dissolved phosphorus (TDP) exceeding 10.7 and 0.65 µmol/L, respectively, are in violation. Similarly, the National Coastal Assessment (NCA) Program of the U.S. EPA has established nutrient level "cutpoints" for assessing the condition of U.S. coastal resources, whereas tropical coastal surface waters with DIN and PO 4 3− concentrations greater than 3.6 and 0.32 µmol/L, respectively are considered to be in "poor" condition [73] . If all coastal water samples from this study are pooled, they exceeded NCA "poor condition" cutpoints for DIN and PO 4 3− 17% and 55% of the time, respectively, and they exceeded the ASWQS for TDN and TDP 13% and at least 25% of the time, respectively (Table 6 ). Although the highest proportion of exceedances occurred in Pala Lagoon, it is also interesting to note that the NCA cutpoints for DIN and PO 4 3− were also exceeded 6% and 18% of the time respectively, in Oa Bay. While there is potential for sample location bias as sampling for this study was not spatially randomized, these data reveal that none of the study locations had water quality that always conformed to accepted standards, suggesting there are specific areas, or hotspots, within each location where nutrient input is concentrated to a level that is worth management attention and continued study. On the other hand, observed NCA cutpoint exceedances in the pristine Oa location, may imply these particular standards simply need to be reviewed and revised. Table 6 . American Samoa water quality standards and NCA cutpoints defining "poor" water quality, with percentages of exceedance observed in coastal water samples from the four study locations, and aggregated for all locations. 
Regulatory Standard US-EPA-NCA Cutpoints AS-Water Quality Standards
Nutrient DIN [µmol/L] PO 4 3− [µmol/L] TDN [µmol/L]
Comparison of Watersheds Along an Expected Land-Use Gradient
With increasing urbanization, coastal ecosystems on oceanic islands have become vulnerable to land-based nutrient loading, which causes stress to and ultimately can change benthic community composition [1, 2, 8, 74] . Even in this relatively isolated Pacific island archipelago, the complex issues of island geology, hydrology and vulnerabilities from land-based sources of nutrients have led to significant gradients in impact.
Highly Impacted
Pala Lagoon was expected to be the most impacted study location. Not surprisingly, the watershed's combination of high population density, large area, and extremely permeable underlying bedrock contributed to the highest SGD flux and SGD-derived nutrient loading rates found in this study. Nutrient concentrations in Pala Lagoon's CGW were high, likely due to both upgradient land use and limited nutrient attenuation through the conductive bedrock. This nutrient rich SGD, discharging from prevalent coastal springs along the western shoreline, appeared to drive a strong onshore-offshore nutrient gradient. Higher N and P concentrations and δ 15 N values in water and algal tissues near the coastline were observed to decrease with distance towards the lagoon outlet where mixing with offshore waters, biological uptake by the Lagoon's well populated benthic-macroalgal community, or both served to attenuate nutrients. This onshore-offshore gradient in δ 15 N and N concentration is indicative of terrigenous-N inputs and is commonly found at locations where wastewater is discharged via SGD or surface waters to coastal ecosystems [8, 12, 19] .
Almost all spring and stream samples in Pala Lagoon showed some enriched δ 15 N values, ranging from 7.2 to 9.2‰, with little co-enrichment in δ 18 O values, which indicates this enrichment is likely not the result of denitrification. This, in combination with Pala Lagoon's high DIN flux indicates wastewater or manure sources within the watershed are the main sources of DIN, a conclusion that is also supported by land-use data. Although a municipal wastewater collection system exists in the Tafuna area, over half of the households are not connected to it and thus still rely on OSDS units [43, 44] . This in combination with the region's highly permeable geologic substrate allows effluent from OSDS or piggeries to move rapidly through the subsurface, with limited time and surface area for nutrient attenuation, resulting in high-N loading along the coastline.
Moderately Impacted
In contrast to the expected onshore-offshore gradient in δ 15 N values, Faga'alu bay displayed an opposite and enigmatic trend. Measurements from in situ algal tissues collected near the northern-outside point of Faga'alu Bay in 2015 lead to suspicions that the Utulei Wastewater Treatment Plant (WWTP) may be a source of high-δ 15 N nitrogen to Pago Pago Harbor and the bay. This WWTP discharges primary-treated effluent directly into the harbor via an ocean outfall located about 0.5 km to the north of Faga'alu. In 2016, additional in situ algal tissues, three deployed Hypnea samples, and a water sample were collected at the outer Faga'alu location to investigate this hypothesis further. Algal tissue δ 15 N values from this location were consistently higher than δ 15 N values of algal tissues and water collected from the stream, well, and coastal groundwater in the Faga'alu study location, indicating detectable levels of N from WWTP effluent do affect algae and water in the vicinity of the ocean outfall. Although this point-source nutrient discharge is monitored and regulated by AS-EPA, coastal resource managers have not fully considered its potential effects on Faga'alu Bay.
In Vatia, co-enrichment in DIN, δ 15 N and δ 18 O values from coastal water and coastal springs suggests partially-denitrified N is present, likely from an OSDS source. In the bay, coastal spring samples on the north side had 2-3 times the DIN, elevated NH 4 + and generally higher δ 15 N values when compared to spring samples from the southern side of the bay; a trend that was consistent over the duration of this study. This geochemical signature is likely indicative of mixing with OSDS effluent, as there are number of homes served by OSDS within about 50 m of the northern coastline. In contrast, there are few homes upgradient of the more southerly Vatia springs, and these residences are all at least 150 m away from the coast. Coastal water samples in Vatia also showed high δ 15 N values in samples taken proximal to the northern spring group, although these values were not observed along the central part of the bay front, which also faced many homes with OSDS units. The highest algal and water sample δ 15 N values observed in Vatia were found repeatedly in a single area of SGD discharge, and adjacent samples did not appear to be geochemically similar. This illustrates the potential for small-scale heterogeneity in subsurface flow paths or variability in source proximity to affect the geochemistry of SGD.
Estimates of nutrient loading to Faga'alu and Vatia Bays were similar with Faga'alu having about twice the nutrient loading as Vatia. This might be expected as Faga'alu has about twice population and developed land as Vatia. However, the population density of Faga'alu is over three times that of Vatia, and the natural land use proportions of each watershed are fairly similar (Table 1) . Therefore, it is likely that other factors also influence nutrient loading in these watersheds. An interesting difference between the two watersheds is the presence of a wastewater collection system that serves a portion of the residents in Faga'alu. According to self-reported 2010 U.S. Census information [44] , of the 169 reported households in Faga'alu Village, 117 reported being connected to a public sewer and only 52 reported using an OSDS. Vatia in contrast, has no public sewer infrastructure, therefore all residents likely use some type of OSDS. This suggests that a number of the residents in Faga'alu are not contributing wastewater effluent to the watershed and therefore their impact is significantly reduced, which may help to explain why nutrient loading in Faga'alu is not larger than observed.
Another factor that may increase the impact of OSDS in Vatia village is the distribution of development. Many homes in Faga'alu are located up the valley whereas most of the residences in Vatia are located close to the shore. To quantify this idea, building location data were obtained from the American Samoa Department of Commerce [75] , and the distribution of all buildings within Pala, Faga'alu, and Vatia Watersheds were calculated as a function of their straight-line distance to the coastline (Figure 7) . The median distance from the coast for structures in Vatia is 87 m, whereas in Faga'alu and Pala Watershed median values for building distance from the coast are 152 and 1300 m, respectively. Because longer subsurface travel distance may provide increased time for attenuation reactions for nutrients (e.g., denitrification and sorption) the overall distance CGW travels between N-sources and the coast likely plays a role in final SGD nutrient compositions. [35] . Calculated nutrient loads to Oa Bay were significantly lower than in other watersheds, which is a factor of both low concentrations of N in CGW and the watershed's small size (Table 4) .
Although Oa Bay typically had lower DIN and δ 15 N values, area scaled PO 4 3− loading in Oa was found to be the second highest of the four studied watersheds. This relatively high PO 4 3− loading in a pristine location, as well as a general lack of correlation between PO 4 3− and expected land-use impact in the other watersheds, suggests that coastal P loading on Tutuila is likely to be controlled by factors other than land use. Across the four study locations, levels of phosphorus in most sample types appeared to be fairly consistent, yet were often high in comparison to national and local standards and cutpoints. Cho [71] approximates the global average P concentration in SGD to be around 0.75 µmol/L, whereas the average P concentrations observed in unmixed coastal spring samples from this study was 2.3 µmol/L. This apparent P surplus in Tutuila's waters may be attributed in part to natural weathering of volcanic rock. The oceanic basalts from which Tutuila is constructed contain amounts of phosphorus that are up to three-times higher than in continental rocks [76] , and as this rock is weathered and dissolved by groundwater, high concentrations of TDP are able to leach out [73] . Chadwick et al. [77] suggests that higher P concentrations are found in younger Hawai'ian soils, and these can be mobilized into groundwater and baseflow by erosion and weathering [78] . Another potential non-anthropogenic P-source prevalent in Pacific Islands, and particularly in less-impacted locations such as Oa Bay, is biological addition from seabird guano. Indeed, an island-wide survey of nesting seabird colonies on Tutuila conducted in 2004 [79] documented two small coastal-seabird colonies in Oa bay of four and nine individuals each, and numerous colonies in the steep coastal areas outside of Vatia Bay. While P input from coastal seabird guano likely only impacts coastal waters, and not inland streams or wells, biogenic nutrient sources also have the potential to influence coastal nutrient budgets and should be considered when assessing nutrient-mass balance.
In terms of coastal ecosystem health, naturally high phosphate levels in themselves may not be concerning; however, this does suggest that Tutuila's coastal waters are likely to be N, rather than P limited. Therefore, even small additions of N from anthropogenic sources into these environments could start to change species composition; excess N-loading could stimulate excessive algal growth and possible eutrophication more easily than if the system was P limited.
Management Considerations and Future Directions
Groundwater inputs can strongly influence watershed nutrient loading and cause impacts to coastal ecosystem health. In all four of this study's watersheds, calculated daily nutrient loads from SGD during the 2015 study period were significantly greater than loads from baseflow-stage stream inputs, underscoring the need to consider coastal groundwater quality in addition to surface water quality when undertaking management actions. Additionally, it is likely that there is significant interaction between coastal groundwater and stream baseflow in these watersheds, again showing the need for management of groundwater quality, as it directly affects surface-water quality. Future approaches to coastal land management and development would benefit from considering how changes in land use impact the quality of coastal groundwater, surface water, and therefore, nearshore reef health.
In Pala Lagoon and Vatia Bay, elevated N concentrations and δ 15 N values in both water and algal tissue suggest discharging N in these areas is primarily derived from a wastewater or manure source. This conclusion is also supported by the work of Shuler et al. [43] where it was found that OSDS sourced wastewater was the predominant N source to the aquifer underlying the Tafuna Plain. Detectable impact of wastewater on the coastal environment in these embayments is a strong motivation for the development of new wastewater collection systems or expansion of existing systems. On the other hand, elevated δ 15 N values observed within Faga'alu bay and adjacent to the Utulei WWTP warrant further investigation of this facility as a source of N to surrounding coastal and harbor areas.
While it was found that SGD nutrient loading estimates from this study correlate well with current population and land-use magnitudes, this conclusion does inherently rely on the assumption that nutrient inputs and transport are in a steady-state with nutrient discharge. For the purpose of predicting present-day nutrient loading on Tutuila this assumption is probably valid, considering that land use and human population in the locations studied have remained fairly stable over at least the last 30 years [49] . However, subsurface water and solute transport may be complicated in heterogeneous basaltic aquifers. These aquifers can be characterized as dual-porosity systems where fractures within the rocks transmit water quickly and zones with only primary porosity transmit water much more slowly [80, 81] . For example, Bertrand et al. [82] used an artificial tracer to examine water and contaminant transport in heterogeneous basalt flows that exhibited dual-porosity behavior. They found that while almost all of the water and tracer was quickly advected through fractures, a significant portion of the tracer was lost and was hypothesized to have been captured and stored in slow, primary-porosity zones. This behavior of solute storage within zones of lower-permeability matrix has been well documented in other dual-porosity systems [83] [84] [85] . This process might be seen as a temporary benefit that provides natural-subsurface nutrient removal. However, natural resource managers should be aware that if land use is modified with the intention of mitigating nutrient inputs, dissolved nutrients could be slowly released from the aquifer for a period of time after inputs have been reduced. Therefore, it may take years or even decades for benefits from future land-use management to be realized as aquifers slowly re-equilibrate.
Of equal concern to nutrient perturbation of coastal ecosystems is the potential risk of illness due to wastewater effluent from both WWTPs and OSDS units in American Samoa. The American Samoa EPA performs a limited amount of recreational water sampling for fecal indicator bacteria (FIB) and posts public warning signs about the risk of illness from swimming at local beaches [41] . However, the sources of FIB and the relationship of bacteria concentrations to physical conditions remain largely unknown. Future studies using a combination of the methods used in this study and DNA-derived source tracking could provide clarity on major waste/bacterial sources across small spatial scales. Although a handful of recent SGD investigations included a biotic component, there is a relative lack of knowledge regarding the effects of SGD on marine ecosystems and humans that use them. As concluded in a recent review by Lecher and Mackey [86] , there are currently few studies that focus on the impact of groundwater at an ecosystem level, yet these were found to be the most insightful.
Conclusions
The results of this work suggest that on Tutuila, SGD is a major pathway for anthropogenic-nutrients discharging to coastal waters. Calculated nutrient loads from SGD in all four study watersheds were significantly greater than loads from baseflow-stage stream inputs. On an island-wide scale, trends in nutrient loading followed levels of expected human impact in each watershed, whereas total N and P fluxes were both highest in the Pala Watershed and lowest in Oa Watershed, with Faga'alu and Vatia in between. Concentrations of coastal water DIN correlated well with land use impact, while concentrations of PO 4 3− did not. This suggests that DIN is a reliable indicator of anthropogenic impact to coastal areas and that phosphorus dynamics are probably more complicated and controlled by other factors including geology. Algal bioassays closely reflected the N content of Tutuila's coastal waters with deployed and in situ algal bioassays showing very similar results. Use of macroalgae as a water quality proxy is a relatively inexpensive assessment that produces time-integrated information at relatively fine spatial scales. Similar magnitudes of nutrient loading in Faga'alu and Vatia Watersheds suggests that population or land-use fractions alone are probably not sufficient for accurately predicting anthropogenic impact on coastal areas. Instead, direct impacts from OSDS, livestock, and agricultural applications should also be considered when estimating nutrient impacts to coastal settings. All four study locations showed some exceedances in either local or federal water quality standards, suggesting that additional management of nutrient discharge on Tutuila may be warranted.
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Appendix A 222 Rn activities for all sampled CGW sites and upgradient wells in each watershed, were multiplied by factors ranging from 0.25 to 2, and the resulting change in SGD flux for each watershed were calculated. Note that due to the linear relationship between 222 Rn end-member concentrations and SGD rates in the model, the % change in SGD for a given % change in end-member concentrations was the same for all watersheds, regardless of the absolute magnitude of the base-case end-member value. Figure A1 . Sensitivity testing results for changes in end member 222 Rn concentrations used in SGD flux calculations. Base case 222 Rn end-member concentrations, originally determined by averaging 222 Rn activities for all sampled CGW sites and upgradient wells in each watershed, were multiplied by factors ranging from 0.25 to 2, and the resulting change in SGD flux for each watershed were calculated. Note that due to the linear relationship between 222 Rn end-member concentrations and SGD rates in the model, the % change in SGD for a given % change in end-member concentrations was the same for all watersheds, regardless of the absolute magnitude of the base-case end-member value.
